INTRODUCTION {#hbm23094-sec-0001}
============

Although anxiety is a common negative emotional state that occurs during daily life, it has a complex nature. Anxiety involves physical, affective, and cognitive changes underlain by a complex neural mechanism \[Grupe and Nitschke, [2013](#hbm23094-bib-0029){ref-type="ref"}\]. An exploration of this neural mechanism is essential for understanding normal and pathological anxiety processes. Studies from both animals and humans have shown that amygdala is a central structure to this mechanism by playing a crucial role in processing anxiety and fear \[Bishop, [2007](#hbm23094-bib-0007){ref-type="ref"}; Phelps and LeDoux, [2005](#hbm23094-bib-0058){ref-type="ref"}\]. Both morphological and functional characteristics of the amygdala have been linked to anxiety‐related processes. Healthy children and adults with higher anxiety levels tend to have a larger amygdala \[Baur et al., [2012](#hbm23094-bib-0003){ref-type="ref"}; Holmes et al., [2012](#hbm23094-bib-0034){ref-type="ref"}; Qin et al., [2014](#hbm23094-bib-0061){ref-type="ref"}\]. This relationship is altered in various anxiety disorders \[Hayano et al., [2009](#hbm23094-bib-0033){ref-type="ref"}; Milham et al., [2005](#hbm23094-bib-0048){ref-type="ref"}\]. Previous functional magnetic resonance imaging (fMRI) studies have demonstrated that amygdala activation was also modulated by anxiety level \[Bishop et al., [2004](#hbm23094-bib-0009){ref-type="ref"}; Etkin et al., [2004](#hbm23094-bib-0018){ref-type="ref"}\], and altered in abnormal anxiety conditions \[Etkin and Wager, [2007](#hbm23094-bib-0020){ref-type="ref"}; Hattingh et al., [2012](#hbm23094-bib-0032){ref-type="ref"}\].

Given that the amygdala has rich connections (both structure and function) with numerous regions involved in emotion processes, it is reasonable to examine how interactions between amygdala and other brain regions contribute to anxiety‐related processes \[Roy et al., [2009](#hbm23094-bib-0064){ref-type="ref"}; Young et al., [1994](#hbm23094-bib-0083){ref-type="ref"}\]. Many studies have detected anxiety‐related changes in amygdala structural and functional connectivity \[Kim et al., [2011b](#hbm23094-bib-0041){ref-type="ref"}\]. The level of anxiety was associated with the structural integrity of connections between amygdala and prefrontal cortex (PFC) and insula \[Baur et al., [2013](#hbm23094-bib-0004){ref-type="ref"}; Clewett et al., [2014](#hbm23094-bib-0015){ref-type="ref"}; Kim and Whalen, [2009](#hbm23094-bib-0042){ref-type="ref"}\]. In accordance with the structural findings, evidence from both resting‐state fMRI (rfMRI) and task‐based fMRI (tfMRI) studies has indicated that functional connectivity (FC) between amygdala and multiple regions could predict anxiety levels in healthy participants \[Baur et al., [2013](#hbm23094-bib-0004){ref-type="ref"}; Kim et al., [2011a](#hbm23094-bib-0040){ref-type="ref"}; Qin et al., [2014](#hbm23094-bib-0061){ref-type="ref"}\]. This brain--behavior association can be disturbed in various anxiety disorders \[Hamm et al., [2014](#hbm23094-bib-0031){ref-type="ref"}; Roy et al., [2013](#hbm23094-bib-0063){ref-type="ref"}; Swartz et al., [2014b](#hbm23094-bib-0072){ref-type="ref"}\]. The above studies have revealed that distributed brain regions might work together and underlie anxiety processes. Thus, these regions should be investigated as an anxiety‐related circuit rather separately.

The cognitive and physiological aspects of anxiety have been assigned to different functional brain networks \[Bijsterbosch et al., [2014](#hbm23094-bib-0006){ref-type="ref"}\]. Previous studies have also observed that high trait anxiety and anxiety disorders are associated with dysfunction of several brain networks that support not only emotion but also cognition and physical behavior \[Soares et al., [2013](#hbm23094-bib-0069){ref-type="ref"}; Sylvester et al., [2012](#hbm23094-bib-0073){ref-type="ref"}\]. Considering the complex composition of anxiety and the extensive connection profile of human amygdala, investigating how functional interactions between the amygdala and different brain networks engage in anxiety processes will provide new insights into anxiety at the systems level.

RfMRI measures the functional interactions of spontaneous activity between different brain areas, namely intrinsic FC (iFC). This method is not confounded by a specific task design and is thus widely used for measuring inherent neural network patterns \[van den Heuvel and Hulshoff Pol, [2010](#hbm23094-bib-0076){ref-type="ref"}\]. Yeo et al. \[[2011](#hbm23094-bib-0082){ref-type="ref"}\] have developed a full cortical parcellation based upon iFC data from 1,000 healthy participants. Specifically, this functional parcellation contains seven networks, namely the visual network, somatomotor network, dorsal attention network, ventral attention network, limbic network, frontoparietal control network, and default network. These networks involve both low‐level processes (e.g., perception and motor) and high‐level processes (e.g., attention, emotion, motivation, and cognition) in the human brain by representing the intrinsic functional organization of the human brain system. From this perspective, this parcellation provides a reference for examining iFC at a systems neuroscience level. According to the observations that the widely distributed amygdala connectivity and its anxiety associations across different ages, we hypothesize that the lifespan anxiety will present significant and heterogeneous relationships with iFC between amygdala and the seven cortical networks. To test this hypothesis, we adopted a cross‐sectional adult lifespan dataset of rfMRI images for detection of the common correspondence patterns between anxiety and amygdala connectivity.

MATERIALS AND METHODS {#hbm23094-sec-0002}
=====================

Participants {#hbm23094-sec-0003}
------------

We used a publicly available dataset of the enhanced Nathan Kline Institute‐Rockland Sample (NKI‐RS), which is an ongoing, institutionally centered endeavor aimed at creating a large‐scale community sample of participants across the lifespan \[Nooner et al., [2012](#hbm23094-bib-0055){ref-type="ref"}\]. In total, 418 participants from five NKI‐RS releases were included in the present study. The NKI institutional review boards approved the data collection, and all participants provided informed consent. The participants underwent multimodal MRI scans, semi‐structured diagnostic psychiatric interviews and a battery of psychiatric, cognitive, and behavioral assessments. Total 102 participants were excluded due to incomplete multimodal images (32), psychiatric conditions (51), and failure in passing the quality control process (19) (for details, see Quality Control Procedures).

Questionnaire Measures {#hbm23094-sec-0004}
----------------------

Anxiety levels were assessed with the State and Trait Anxiety Inventory (STAI) for the adult \[Spielberger et al., [1970](#hbm23094-bib-0070){ref-type="ref"}\], which is a self‐report questionnaire consisting of 40 items that measures state anxiety and trait anxiety, respectively. Among the 316 participants, there were only 280 healthy adults (18--83.5 years, 99 males) with available STAI measures. Table [1](#hbm23094-tbl-0001){ref-type="table"} presented the descriptive statistics of these STAI measures and other demographic information of these participants. General linear models revealed that no significant correlation of state anxiety or trait anxiety with age (state anxiety: *p* = 0.9383, *t*(276) = 0.0775; trait anxiety: *p* = 0.1868, *t*(276) = −1.3233), sex effect (state anxiety: *p* = 0.4917, *t*(276) = −0.6885; trait anxiety: *p* = 0.6871, *t*(276) = −0.4032), or the interaction between age and sex (state anxiety: *p* = 0.5847, *t*(276) = −0.5471; trait anxiety: *p* = 0.1788, *t*(276) = −1.3479).

###### 

The demographic information of participants

            *N*   Age range (mean ± SD)          STAI‐state (mean ± SD)   STAI‐trait (mean ± SD)
  --------- ----- ------------------------------ ------------------------ ------------------------
  Males     99    18.39--83.18 (42.65 ± 19.2)    34--67 (45.51 ± 7.89)    33--76 (49.51 ± 9.36)
  Females   181   18.15--83.36 (49.55 ± 17.19)   35--69 (46.24 ± 9.22)    33--79 (49.54 ± 10.34)

MRI Data Acquisition {#hbm23094-sec-0005}
--------------------

All MRI images were acquired with a 3.0 T scanner (TrioTim™, Siemens Medical Systems, Erlangen, Germany). Each participant underwent a set of multimodal imaging scans, including structural MRI, rfMRI, diffusion tensor imaging (DTI) and tfMRI. Details of the parametric settings for these imaging sequences can be found at the NKI‐RS website. We only analyzed data from a high‐resolution structural scan with a magnetization‐prepared rapid gradient echo sequence and rfMRI scans with multiband echo planar imaging (mbEPI) sequence. The recently developed mbEPI sequence has been demonstrated to be more accurate and robust in mapping human brain function \[Moeller et al., [2010](#hbm23094-bib-0049){ref-type="ref"}\]. It enables the acquisition of fMRI data with unprecedented sampling rates for full‐brain coverage through the simultaneous acquisition of multiple slices over the same time required to obtain a single‐slice image using standard EPI \[Feinberg and Yacoub, [2012](#hbm23094-bib-0022){ref-type="ref"}\]. Three rfMRI sequences were included in the protocol: (1) mbEPI645, (2) mbEPI1400, and (3) a standard EPI sequence. Our previous studies demonstrated higher test--retest reliability with the mbEPI1400 sequence and with longer scan duration in high‐resolution functional connectomics \[Zuo and Xing, [2014](#hbm23094-bib-0085){ref-type="ref"}; Zuo et al., [2013](#hbm23094-bib-0086){ref-type="ref"}\]. We thus only analyzed the mbEPI1400 rfMRI images. A b0 image with the same spatial resolution from a multiband DTI sequence was also used for individual coregistration.

MRI Data Preprocessing {#hbm23094-sec-0006}
----------------------

Data were processed and analyzed using the Connectome Computation System (CCS: <https://github.com/zuoxinian/CCS>) developed by our laboratory \[Xu et al., [2015](#hbm23094-bib-0078){ref-type="ref"}\]. This connectome pipeline combines the different functionalities of multiple neuroimaging packages and novel algorithms developed in‐house and is designed to provide an integrated computational platform for multimodal imaging human brain connectomics by hierarchically integrated functional modules, such as preprocessing individual images, mapping individual connectomes, group‐level connectomics, and visualization. One advantage of CCS is the reliable and natural method of preforming multimodal neuroimaging data analyses on the cortical mantle.

The major purpose of structural MRI data preprocessing is to segment bilateral amygdala structures from the gray matter tissue and reconstruct cortical surfaces from the brain tissue boundaries. These steps were primarily completed using FreeSurfer and included (1) spatial noises removal with a non‐local means filter \[Zuo and Xing, [2011](#hbm23094-bib-0084){ref-type="ref"}\]; (2) brain extraction or skull stripping; (3) visual inspection and manual intervention of brain tissues by removing the residual non‐brain tissues or patching the excluded brain tissues; (4) tissue segmentation and surface reconstruction by identifying the boundary between white and gray matter; (5) subcortical segmentation by labeling each voxel to one of 40 subcortical regions based on an existing atlas containing probabilistic location information; (6) b0 image realignment by a 6‐parameter rigid transformation to the mean rfMRI image and boundary‐based registration (BBR) between individual structural image and the realigned b0 image \[Greve and Fischl, [2009](#hbm23094-bib-0028){ref-type="ref"}\]; and (7) the generation of regions of interests (ROIs) for individual left and right amygdala areas in functional space by transferring structurally segmented amygdala areas to their ROIs in individual functional spaces with BBR.

The rfMRI image preprocessing method is consistent with of our previous publications \[Jiang et al., [2015a](#hbm23094-bib-0037){ref-type="ref"}; Xu et al., [2015](#hbm23094-bib-0078){ref-type="ref"}; Yang et al., [2014a](#hbm23094-bib-0080){ref-type="ref"}, [2014b](#hbm23094-bib-0081){ref-type="ref"}; Zuo et al., [2013](#hbm23094-bib-0086){ref-type="ref"}\]. Specifically, individual rfMRI images were (1) removed of the first 8 volumes to reach stable scanning; (2) despiked by removing and interpolating spikes from hardware or in‐scanner head motion (in theory, this preprocessing equals motion scrubbing with interpolation, see Power et al., [2015](#hbm23094-bib-0060){ref-type="ref"}; Carp, [2013](#hbm23094-bib-0013){ref-type="ref"} for details); (3) further corrected for head motion across different volumes; (4) masked by the functional brain mask generated based on both structural brain and 4D individual time series; (5) normalized to have a comparable 4D global mean intensity of 10,000 across individuals; (6) regressed out of mean signals from white matter and cerebrospinal fluid masks as well as Friston‐24 head motion parameters; (7) temporally smoothed with a band‐pass filtering; (8) detrended by removing both linear and quadratic trends in time domain; and (9) projected onto the *fsaverage* surface grid and down‐sampled to the *fsaverge6* surface grid.

Quality Control Procedure {#hbm23094-sec-0007}
-------------------------

With the quality control procedure module in CCS \[Xu et al., [2015](#hbm23094-bib-0078){ref-type="ref"}\], we performed following steps to ensure the quality of preprocessed images. Specifically, we first excluded data with obvious imaging artifacts regarding generated screenshots for visual inspection of (1) brain extraction, (2) tissue segmentation, (3) cortical surface reconstruction, (4) BBR‐based functional image registration, and (5) dynamic monitoring head motion during rfMRI scans. From a quantitative perspective, CCS also computes four metrics to guide the quality control: (1) the maximum distance of translational movement (maxTran); (2) the maximum degree of rotational movement (maxRot); (3) the mean frame‐wise displacement (meanFD) \[Patriat et al., [2013](#hbm23094-bib-0057){ref-type="ref"}; Power et al., [2012](#hbm23094-bib-0059){ref-type="ref"}\]; and (4) the minimal BBR cost (mcBBR). All participants entering the final brain‐anxiety association study must have had usable datasets from all three rfMRI sequences meeting the following criteria: (1) maxTran ≤ 3 mm, (2) maxRot ≤ 3°, (3) meanFD ≤ 0.5 mm, and (4) mcBBR \< 0.6.

Amygdala iFC: From Vertices to the Seven Cerebral Networks {#hbm23094-sec-0008}
----------------------------------------------------------

In individual functional image spaces, all timeseries of voxels within masks of bilateral amygdala (Fig. [1](#hbm23094-fig-0001){ref-type="fig"}A) were averaged to generate representative timeseries of the amygdala ROIs, respectively. Each participant\'s amygdala time series was correlated with time series of all vertices across the cortical mantle to produce a vertex‐wise correlation map of the amygdala. Individual correlation maps were further converted into iFC maps using Fisher\'s *r*‐to‐*z* transform. Seven networks were established from a functional parcellation developed by a large‐scale study \[Yeo et al., [2011](#hbm23094-bib-0082){ref-type="ref"}\] including visual, somatomotor, dorsal attention, ventral attention, limbic, frontoparietal control, and default networks (Fig. [1](#hbm23094-fig-0001){ref-type="fig"}B). For each network, we calculated its iFC with bilateral amygdala areas as the mean iFC of all vertices within it. Positive and negative iFC values were separately averaged and analyzed in following statistical tests.

![Human amygdala and seven intrinsic connectivity networks. FreeSurfer segments bilateral amygdala volumes from an individual high‐resolution structural image, which is rendered into its 3D model (the left panel). The right panel plots seven intrinsic networks established from a functional parcellation developed based upon 1,000 healthy participants including visual (Visual), somatomotor (SomMot), dorsal attention (DorsAttn), ventral attention (VentAttn), limbic (Limbic), frontoparietal control (Control), and default (Default) networks. The cortical grid model "*inflated_pre*" of the *fsaverage6* in FreeSurfer was employed for rendering surfaces of left hemisphere (LH) and right hemisphere (RH). Gray curves indicate the boundaries between the seven networks. \[Color figure can be viewed in the online issue, which is available at <http://wileyonlinelibrary.com>.\]](HBM-37-1178-g001){#hbm23094-fig-0001}

Anxiety--iFC Association Studies {#hbm23094-sec-0009}
--------------------------------

A set of general linear models was implemented with multiple linear regressions to test whether the anxiety measures could significantly explain amygdala iFC. We first regressed out meanFD and mcBBR from the amygdala iFC vertex‐wise. To examine the association between anxiety and the overall cortical iFC of the amygdala, we computed the global mean iFC (gmiFC) across the entire cortex and conducted a general linear model with stepwise regression, in which gmiFC is the response variable and anxiety, age, and sex are predictors. After the initial fit of a constant model, this approach examines the set of terms (predicting variables and their interactions) and adds the best term to the model if a test for adding the term has a *p*‐value of 0.05 or less. If no terms can be added, it examines the terms currently in the model, and removes the worst term if a test for removing it has a *p*‐value of 0.10 or greater. This process is repeated until no terms can be added or removed. To examine network‐specific association between anxiety and the amygdala iFC, we regressed out gmiFC from each network iFC and conducted a set of stepwise general linear models in which the response variable is the network‐specific iFC (nsiFC) and the predictors are anxiety, age, and sex. Of note, state and trait anxiety were tested separately. The final *p*‐values of all tests are Bonferroni‐corrected for multiple comparisons (uncorrected *p* \< 0.00625) across the global mean and the 7 networks' iFC of the amygdala. As complementary analyses to the network‐wise analyses, we also performed vertex‐wise association analysis using general linear model approach in FreeSurfer to probe specific regions linking to anxiety (class variable: gender; continuous variables: anxiety and age). Corrections for multiple comparisons were implemented with Random Field Theory (uncorrected *p* \< 0.01, corrected *p* \< 0.05/2) in *SurfStat* \[Chung et al., [2010](#hbm23094-bib-0014){ref-type="ref"}\], which has been integrated as part of the CCS pipeline.

RESULTS {#hbm23094-sec-0010}
=======

Both state and trait anxiety scores were analyzed for mapping amygdala iFC--anxiety associations, and the most significant relationships were primarily detected for trait anxiety, either for the global cortical mean iFC or network‐specific iFC of the amygdala. We report these results in details below. The main effect was reported with the statistical significance (*p*‐values) of the predicting variable, anxiety.

Global Amygdala Connectivity and Anxiety {#hbm23094-sec-0011}
----------------------------------------

No significant relationship between state anxiety and global mean iFC (either positive or negative) was detectable in the left and right amygdala. In contrast, significant associations between trait anxiety and global mean positive iFC were detected for bilateral amygdala areas (Fig. [2](#hbm23094-fig-0002){ref-type="fig"}, left panel: left amygdala, *p* \< 0.0066, marginally significant, *t*(276) = −2.74; right panel: right amygdala, *p* \< 0.0061, *t*(276) = −2.77). The general linear models selected by the stepwise regression all considered trait anxiety, age, and sex as predictors without any interactions. These outcomes indicated that at the global cortex level, higher levels of trait anxiety were related to lower iFC strengths of the amygdala across the human adulthood lifespan.

![Scatter plots depict the intrinsic functional connectivity (iFC)--anxiety association at the whole cortex level for the human amygdala. The global mean positive iFC was estimated as the averaged iFC value across the cortical mantle and was further adjusted for age, head motion and registration quality by a regression model. The adjusted mean iFC values were plotted as blue scatter circles against the anxiety measures. The fitted lines were estimated and plotted as black lines for both the left amygdala (left panel) and the right amygdala (right panel). \[Color figure can be viewed in the online issue, which is available at <http://wileyonlinelibrary.com>.\]](HBM-37-1178-g002){#hbm23094-fig-0002}

Network‐Specific Amygdala Connectivity and Anxiety {#hbm23094-sec-0012}
--------------------------------------------------

Negative iFC between the limbic network and the left amygdala demonstrated a positive correlation with state anxiety (Fig. [3](#hbm23094-fig-0003){ref-type="fig"}, left panel, predicting variable: state anxiety; *p* = 0.0051, *t*(278) = 2.83). The somatomotor network demonstrated a similar correlation between its negative iFC of the left amygdala but with trait anxiety (Fig. [3](#hbm23094-fig-0003){ref-type="fig"}, right panel, predicting variable: trait anxiety; *p* = 0.0022, *t*(278) = 3.09). Dorsal attention network iFC with the left amygdala exhibited inverse relationships with trait anxiety (Fig. [4](#hbm23094-fig-0004){ref-type="fig"}, left panel, predicting variables: trait anxiety, age; *p* = 0.0057, *t*(277) = −2.79), whereas frontoparietal control network showed the same relationship between its iFC with the right amygdala (Fig. [4](#hbm23094-fig-0004){ref-type="fig"}, right panel, predicting variable: trait anxiety; *p* = 0.0017, *t*(278) = −3.17). The ventral attention network exhibited a much more complicate correlation patterns (Fig. [5](#hbm23094-fig-0005){ref-type="fig"}). First, the iFC between this network and the right amygdala positively correlated with the trait anxiety (Fig. [5](#hbm23094-fig-0005){ref-type="fig"}, left panel, predicting variables: trait anxiety, age, sex and trait--sex interaction; *p* = 0.0048, *t*(275) = 2.84). Interestingly, the negative iFC between the right amygdala and the ventral attention network also had a significant interaction effect between trait anxiety and sex (*p* = 0.0062, *t*(275) = −2.76) (Fig. [5](#hbm23094-fig-0005){ref-type="fig"}, right panel). Weaker iFC between the ventral attention network and right amygdala correlated with higher level of the trait anxiety in females (blue solid line), whereas no significant iFC--anxiety correlation was detectable in males (red dashed line). No network‐specific anxiety correlation was observed with positive iFC of the amygdala.

![Scatter plots depict associations between anxiety and amygdala iFC with limbic and somatomotor networks. The network‐specific mean iFC of the left amygdala was estimated as the averaged iFC value across the specific network and was further adjusted for global mean iFC, age, head motion, and registration quality by a regression model. The adjusted mean iFC values were plotted as blue scatter circles against the anxiety measures. The fitted lines were estimated and plotted as lines for both limbic network (left panel) and somatomotor network (right panel) with the colors of the same networks as illustrated in Figure [1](#hbm23094-fig-0001){ref-type="fig"}. \[Color figure can be viewed in the online issue, which is available at <http://wileyonlinelibrary.com>.\]](HBM-37-1178-g003){#hbm23094-fig-0003}

![Scatter plots depict associations between trait anxiety and amygdala iFC with dorsal attention and frontoparietal networks. The network‐specific mean iFC of the amygdala was estimated as the averaged iFC value across the specific network and was further adjusted for global mean iFC, age, head motion, and registration quality by a regression model. The adjusted mean iFC values were plotted as blue scatter circles against the trait anxiety measures. The fitted lines were estimated and plotted as lines for both dorsal attention network (left panel) and frontoparietal network (right panel) with the colors of the same networks. \[Color figure can be viewed in the online issue, which is available at <http://wileyonlinelibrary.com>.\]](HBM-37-1178-g004){#hbm23094-fig-0004}

![Scatter plots depict associations between trait anxiety and amygdala iFC with ventral attention network. The adjusted mean iFC values were plotted as blue scatter circles against the anxiety measures. The fitted lines were estimated and plotted as lines with the same color of the network in Figure [1](#hbm23094-fig-0001){ref-type="fig"} (left panel). The gender--anxiety interaction was illustrated in the right panel, indicating a significant positive correlation in females (blue circles and line) while no significant correlation in males (red circles and line). \[Color figure can be viewed in the online issue, which is available at <http://wileyonlinelibrary.com>.\]](HBM-37-1178-g005){#hbm23094-fig-0005}

Both Figures [3](#hbm23094-fig-0003){ref-type="fig"} and [4](#hbm23094-fig-0004){ref-type="fig"} indicated potential interactions between trait anxiety and network‐specific iFC with the human amygdala. Specifically, for the left amygdala, its network connectivity showed distinct anxiety correlational profiles between somatomotor network (*r* = 0.1820) and dorsal attention network (*r* = −0.1659), and this difference is statistically significant tested by the Fisher *Z*‐test (*Z* = 4.14, *p* = 3.8e‐5). A similar anxiety--connectivity interaction was also significantly detectable for the right amygdala (*Z* = 4.31, *p* = 1.9e‐5) but for different networks: ventral attention network (*r* = 0.1756) and frontoparietal network (*r* = −0.1866). The positive versus negative valence of the network connectivity was not different between the left amygdala and the right amygdala (*Z* = −0.1376, *p* \> 0.2).

Vertex‐Wise Amygdala Connectivity and Anxiety {#hbm23094-sec-0013}
---------------------------------------------

At vertex level, a set of regions exhibited anxiety‐related changes across the cortical mantle (Fig. [6](#hbm23094-fig-0006){ref-type="fig"} and Tables [2](#hbm23094-tbl-0002){ref-type="table"} and [3](#hbm23094-tbl-0003){ref-type="table"}) regarding their iFC with amygdala. An area adjacent to left lateral occipital, parietal, and superior temporal cortex showed positive correlation between its ipsilateral amygdala iFC and anxiety (state: Fig. [6](#hbm23094-fig-0006){ref-type="fig"}A and Table [2](#hbm23094-tbl-0002){ref-type="table"}; trait: Fig. [6](#hbm23094-fig-0006){ref-type="fig"}B and Table [3](#hbm23094-tbl-0003){ref-type="table"}). Of note, the individual differences in trait anxiety were also demonstrated similar variation pattern with ipsilateral iFC between this area and amygdala in right hemisphere (Table [3](#hbm23094-tbl-0003){ref-type="table"}). Beyond this region, the right posterior central area had stronger iFC of the left amygdala correlated with higher level of trait anxiety whereas an inverse correlational profile existed for the left dorsal lateral prefrontal cortex (Fig. [6](#hbm23094-fig-0006){ref-type="fig"}B).

![Cortical surfaces render for vertex‐wise association on anxiety‐iFC of amygdala. Both main effects of anxiety on the left amygdala iFC (A and B) and their interactions with gender (C and D) are visualized. Panels A and C are rendered for state anxiety whereas panels B and D are rendered for trait anxiety. The cortical grid model "*inflated_pre*" of the *fsaverage6* in FreeSurfer was employed for rendering surfaces of left hemisphere (LH) and right hemisphere (RH). Gray curves indicate the boundaries between the seven cortical networks. \[Color figure can be viewed in the online issue, which is available at <http://wileyonlinelibrary.com>.\]](HBM-37-1178-g006){#hbm23094-fig-0006}

###### 

Brain regions showing significant state anxiety effects on iFC

  Region                                    Amygdala   Significance (peak)   Size (mm^2^)   *X*, *Y*, *Z*
  ----------------------------------------- ---------- --------------------- -------------- ------------------
  **Positive correlation**                                                                  
  L middle occipital sulcus                 Left       2.088                 550            −41, −78, 10
  **Positive interaction**                                                                  
  R central sulcus                          Left       1.693                 19             40.2, −8.8, 39.8
  **Negative interaction**                                                                  
  R sulcus intermedius primus (of Jensen)   Left       −2.187                142            53.3, −42, 28.9

###### 

Brain regions showing significant trait anxiety effects on iFC

  Region                       Amygdala   Significance (peak)   Size (mm^2^)   *X*, *Y*, *Z*
  ---------------------------- ---------- --------------------- -------------- --------------------
  **Positive correlation**                                                     
  L middle occipital gyrus     Left       2.468                 130            −43.9, −72.9, 17.3
  R postcentral gyrus          Left       5.975                 17             29.2, −27.1, 65.2
  R superior temporal sulcus   Right      1.793                 573            37.9, −59.5, 15
  **Negative correlation**                                                     
  L inferior frontal sulcus    Left       −2.136                13             −37.2, 24.7, 21.4
  **Positive interaction**                                                     
  R postcentral gyrus          Left       2.269                 238            41.2, −22.7, 56.3

Gender--anxiety interactions were significantly detectable across the lifespan samples (state: Fig. [6](#hbm23094-fig-0006){ref-type="fig"}C and Table [2](#hbm23094-tbl-0002){ref-type="table"}; trait: Fig. [6](#hbm23094-fig-0006){ref-type="fig"}D and Table [3](#hbm23094-tbl-0003){ref-type="table"}). Specifically, in the right inferior parietal sulcus, state anxiety was negatively correlated with the left amygdala iFC in males (*r*(98) = −0.3226, *p* = 0.0011) but a marginal positive correlation in females (*r*(180) = 0.1371, *p* = 0.0658). In contrast, in the right posterior central sulcus, state anxiety was positively correlated with the left amygdala iFC in males (*r*(98) = 0.3171, *p* = 0.0014) while only a marginal negative correlation was observed in females (*r*(180) = −0.1295, *p* = 0.0822). The trait anxiety showed a similar correlational pattern amygdala iFC with the right posterior central gyrus in males (*r*(98) = 0.3207, *p* = 0.0012) but no significant correlation in females (*r*(180) = −0.0238, *p* = 0.7508).

Sex Differences and Age‐Related Changes of Amygdala Connectivity {#hbm23094-sec-0014}
----------------------------------------------------------------

Sex differences in network‐specific iFC with the amygdala were observed within multiple brain networks. Specifically, ventral attention network exhibited higher strength of positive iFC with bilateral amygdala areas in males (left amygdala: *p* \< 0.0001, *t*(278) = 3.97; right amygdala: *p* \< 0.0005, *t*(278) = 3.57) but higher strength of negative iFC with the right amygdala in females (*p* = 0.0012, *t*(275) = 3.28). Females also had stronger iFC between the left amygdala and the frontoparietal control network (*p* = 0.006, *t*(278) = 2.77).

Age‐related changes of network‐wise amygdala iFC were also detectable across the lifespan. The global mean positive iFC of the left amygdala exhibited a linearly decreased lifespan trajectory (marginally significant: *p* \< 0.0084, *t*(276) = −2.66). Network‐specific iFC demonstrated linearly detectable changes with age across several brain networks during the human lifespan. Positive iFC between bilateral amygdala areas and dorsal attention network increased with age (left amygdala: *p* = 0.0021, *t*(278) = 3.10; right amygdala: *p* = 0.0022, *t*(278) = 3.09). In contrast, the strength of negative iFC between the right amygdala and the ventral attention network decreased with age (*p* = 0.0034, *t*(275) = 2.95).

DISCUSSION {#hbm23094-sec-0015}
==========

We investigated how interindividual differences in anxiety were related to interindividual variability of amygdala iFC by examining their correlations based on a human brain functional parcellation in a large sample of 280 healthy participants across the adult lifespan. In particular, higher levels of trait not state anxiety were reflected in lower global amygdala cortical connectivity strength. Regarding the network‐specific connectivity, the higher connectivity strength between the left amygdala and the limbic network could partly predict lower state anxiety levels. Trait anxiety exhibited more extensively network‐specific connectivity associations across both low‐level primary sensory and high‐level associative brain systems. Interestingly, these correlational profiles demonstrated different network distribution for the left and right amygdala structures. The left amygdala anxiety--connectivity correlation was observed in both the somatomotor and dorsal attention networks, whereas the right amygdala anxiety--connectivity correlation was mainly distributed in the frontoparietal (also called cognitive control) and ventral attention networks. Age and gender also affected the connectivity profiles of the amygdala with functional brain networks. Intriguingly, as an important part of the brain control system, ventral attention network exhibited significant contributions to age‐related changes, sex differences, trait anxiety associations, as well as anxiety--sex interactions, indicating its key role of amygdala‐based anxiety modulation at the systems level. The neurobiological implications of these observations for understanding anxiety processes in both healthy brains and brain disorders across the human lifespan are discussed below.

The amygdala has extensive structural and functional connectivity with the cerebral cortex \[Roy et al., [2009](#hbm23094-bib-0064){ref-type="ref"}; Young et al., [1994](#hbm23094-bib-0083){ref-type="ref"}\], through which it plays a key role in the functioning of various emotion‐related processes. Previous task‐based fMRI studies have revealed widely distributed anxiety‐specific activations across the entire cortical mantle \[Bishop, [2007](#hbm23094-bib-0007){ref-type="ref"}; Sylvester et al., [2012](#hbm23094-bib-0073){ref-type="ref"}\]. However, few reports have investigated how functional connectivity between the amygdala and the whole cortex is related to anxiety. To the best of our knowledge, our results revealed for the first time that this overall amygdala--cortical intrinsic connectivity was higher in individuals with lower trait anxiety, which implies that greater functional integration between the amygdala and the cerebral cortex can better modulate trait anxiety, indicating a global‐level intrinsic architecture of trait anxiety in the human brain.

This anxiety‐related functional architecture was also observed at the systems level by examining network‐specific connectivity with amygdala in term of its correlations with anxiety. Specifically, individual differences in state anxiety were correlated with individual amygdala connectivity with the limbic network. This network is primarily responsible for reward‐related processing to achieve reward and avoid negative outcomes \[Koziol et al., [2014](#hbm23094-bib-0043){ref-type="ref"}\]. Of note, as part of the limbic system, the amygdala involves processing threatening stimuli and functionally connects to the limbic network regions \[Bishop, [2007](#hbm23094-bib-0007){ref-type="ref"}; Hahn et al., [2011](#hbm23094-bib-0030){ref-type="ref"}; Mattavelli et al., [2014](#hbm23094-bib-0045){ref-type="ref"}\]. The MRI procedure can actually function as a threatening environment, might elicit increases in state anxiety \[Baur et al., [2013](#hbm23094-bib-0004){ref-type="ref"}; Muehlhan et al., [2011](#hbm23094-bib-0054){ref-type="ref"}\]. The neural basis for the current anxious state might be associated with the functional interaction between the amygdala and the limbic network. Our results suggested that the stronger negative connectivity between the left amygdala and the limbic network could better inhibit increases in state anxiety, resulting in lower state anxiety scores. These neural correlations of state anxiety were also observed in social anxiety disorders \[Hahn et al., [2011](#hbm23094-bib-0030){ref-type="ref"}\].

Trait anxiety was extensively associated with amygdala connectivity with multiple brain networks. These network‐specific connectivity profiles were all negative, representing functional segregation between the amygdala and these networks \[Gee et al., [2011](#hbm23094-bib-0025){ref-type="ref"}\]. Regarding connectivity with the left amygdala, the somatomotor network and dorsal attention network were both correlated with trait anxiety but in an opposite direction. Stronger amygdala connectivity with the somatomotor network was related to lower trait anxiety. The somatomotor network is involved in processing motor behaviors, among which increased muscle tension and trembling represent one anxiety‐related behavioral manifestation \[Roth, [2005](#hbm23094-bib-0062){ref-type="ref"}\]. Abnormal sensory motor‐related reactions to social stimuli (e.g., gaze avoidance) have been suggested to be linked to increased gray volume in premotor cortex in social anxiety disorders compared with healthy controls \[Irle et al., [2014](#hbm23094-bib-0036){ref-type="ref"}\]. Functional activations of both amygdalae and primary motor cortex were stronger under anxiety conditions; this observation has been interpreted as modulation of threat avoidance \[Andreatta et al., [2015](#hbm23094-bib-0001){ref-type="ref"}\]. Taken together, changes in both the structure and function of the somatomotor network and the amygdala were related to anxiety‐related processing of motor reactions. Intrinsic amygdala--somatomotor network connectivity may underlie the motor‐behavior manifestation of trait anxiety. However, due to lack of the direct measures of behaviors, such a conclusion is speculative and should be directly tested in future work.

In contrast, weaker left amygdala connectivity with the dorsal attention network predicted lower trait anxiety. The dorsal attention network, comprising the frontal eye field and intraparietal sulcus, is believed to be involved in top--down attention orienting \[Fox et al., [2006](#hbm23094-bib-0023){ref-type="ref"}; Koziol et al., [2014](#hbm23094-bib-0043){ref-type="ref"}\]. According to the attention control theory, anxiety can impair attention control by automatically allocating more attention to threat‐related stimuli, thus weakening the function of the goal‐directed attention system \[Eysenck et al., [2007](#hbm23094-bib-0021){ref-type="ref"}\]. The left amygdala has been suggested to play a key role in threat‐related attention changes and reduction in social anxiety levels \[Britton et al., [2015](#hbm23094-bib-0012){ref-type="ref"}\]. Troiani et al. \[[2014](#hbm23094-bib-0075){ref-type="ref"}\] observed enhanced functional connectivity between the left amygdala and regions in the dorsal attention network for the contrast between fearful faces and houses, even though participants were unaware of these stimuli. This observation of increased functional connectivity between amygdala and the dorsal attention network has also been reported after cues (attention orienting) for angry faces \[Mohanty et al., [2009](#hbm23094-bib-0050){ref-type="ref"}\]. These findings suggested that enhanced inputs from the amygdala to the dorsal attention network facilitated the detection of upcoming salient stimuli. We detected an anticorrelation between the amygdala connectivity with this network and the trait anxiety, which may indicate that the neural modulation (i.e., the negative connectivity as functional segregation) of the left amygdala on the dorsal attention network is stronger in participants with high anxiety, likely eliciting more attention bias. This interpretation should be read with caution until direct evidence provided in attention‐related task and fMRI procedure.

Two other networks of the brain control system---the ventral attention and frontoparietal control networks---exhibited different correlational profiles of trait anxiety regarding their connectivity with the right amygdala. Similar distinctions have been proposed in a previous review suggesting that high‐level anxiety and anxiety disorders were associated with enhanced ventral attention network functioning and reduced frontoparietal control network functioning \[Sylvester et al., [2012](#hbm23094-bib-0073){ref-type="ref"}\]. We observed that stronger connectivity between the right amygdala and the control network was associated with higher trait anxiety. This control network serves maintaining and regulation of mental health \[Cole et al., [2014](#hbm23094-bib-0016){ref-type="ref"}\], and alternations of the cognitive control network have been observed in anxiety disorders and individuals with high trait anxiety accompanying impaired cognitive control in task performances \[Bishop, [2009](#hbm23094-bib-0008){ref-type="ref"}; Sylvester et al., [2012](#hbm23094-bib-0073){ref-type="ref"}\]. Intranetwork functional connectivity increased with cognitive anxiety for this network \[Bijsterbosch et al., [2014](#hbm23094-bib-0006){ref-type="ref"}\]. This network has been proposed to play a protective role of regulating anxiety‐related processes via direct or indirect feedback control on the amygdala \[Cole et al., [2014](#hbm23094-bib-0016){ref-type="ref"}\]. As an important node of the control network, dorsal lateral prefrontal cortex (DLPFC) has been reported to exert top--down control over the amygdala in previous studies of emotional regulations, with increases in DLPFC activation but decreases in amygdala activation \[Ochsner et al., [2002](#hbm23094-bib-0056){ref-type="ref"}\]. As previously noted, functional connectivity between the amygdala and the control network was increased in both adults \[Etkin et al., [2009](#hbm23094-bib-0019){ref-type="ref"}\] and adolescents \[Roy et al., [2013](#hbm23094-bib-0063){ref-type="ref"}\] with general anxiety disorders. This functional interaction might reflect a compensatory neural adaptation in which the cognitive control system engaged in regulating excessive anxiety. Taken together, we assumed that individuals with high‐trait anxiety lack efficient communication between the frontoparietal network and right amygdala in response to excessive anxiety.

The ventral attention network exhibited significant functional connectivity effects on trait anxiety and anxiety--sex interactions, indicating its key role in modulating trait anxiety via its connectivity with the right amygdala at a systems neuroscience level. This network comprises the supramarginal gyrus, frontal operculum, temporoparietal junction, anterior cingulate cortex, and anterior insula \[Fox et al., [2006](#hbm23094-bib-0023){ref-type="ref"}; Koziol et al., [2014](#hbm23094-bib-0043){ref-type="ref"}\], and is largely overlapped with the salience network in response to salience stimuli and its functional connectivity correlated with anxiety \[Seeley et al., [2007](#hbm23094-bib-0067){ref-type="ref"}\]. The attention control theory suggests that anxiety also impacts stimulus‐driven attention by increasing automatic processes of threat‐related stimuli \[Eysenck et al., [2007](#hbm23094-bib-0021){ref-type="ref"}\]. Behavioral studies demonstrated that increased bias to threat‐related stimuli in high anxious individuals \[Mathews et al., [1997](#hbm23094-bib-0044){ref-type="ref"}\]. Supporting the stimulus‐driven attention processes, the ventral attention network exhibited aberrant activation during attention tasks in individuals with high anxiety or anxiety disorders \[Monk et al., [2006](#hbm23094-bib-0051){ref-type="ref"}; Telzer et al., [2008](#hbm23094-bib-0074){ref-type="ref"}\]. On the other hand, the amygdala could modulate attention processes by orientating attention to threatening or salient stimuli \[Britton et al., [2011](#hbm23094-bib-0011){ref-type="ref"}\]. Previous studies have demonstrated that the functional and structural connectivity between the left amygdala and the anterior insula is correlated with state and trait anxiety, respectively \[Baur et al., [2013](#hbm23094-bib-0004){ref-type="ref"}\]. These two regions are both involved in the detection of salient events and serve as a crucial role in salience attention processing \[Blackford et al., [2010](#hbm23094-bib-0010){ref-type="ref"}; Menon and Uddin, [2010](#hbm23094-bib-0047){ref-type="ref"}\]. The negative functional connectivity between amygdala and ventral lateral prefrontal cortex, a key node of ventral attention network, was reduced in general anxiety disorders relative to healthy controls, consistent with untighten connectivity between the amygdala and the ventral attention network \[Monk et al., [2008](#hbm23094-bib-0052){ref-type="ref"}\]. We found strength decrease of the negative connectivity between right amygdala and the ventral attention network in individuals with high anxiety. This association may underlie the intrinsic functional architecture of the neural mechanism of enhanced stimulus‐driven attention or salience attention in individuals with high levels of trait anxiety.

Intriguingly, we observed an interaction between trait anxiety and sex for the ventral attention network regarding its intrinsic functional connectivity with the right amygdala. Specifically, the above association between ventral attention network connectivity with the amygdala and trait anxiety was only detectable in females. The prevalence and vulnerability of anxiety or anxiety disorders are higher in females than males, implying gender‐specific neural mechanisms \[McLean and Anderson, [2009](#hbm23094-bib-0046){ref-type="ref"}\]. The interaction between sex and trait anxiety was previously observed for amygdala activation to fearful faces, indicating different sensitivity in responses to threatening stimuli for men and women \[Dickie and Armony, [2008](#hbm23094-bib-0017){ref-type="ref"}\]. Fractional anisotropy of uncinate fasciculus, the white matter fiber connecting the amygdala and prefrontal cortex, was positively correlated with trait anxiety in males but not in females \[Montag et al., [2012](#hbm23094-bib-0053){ref-type="ref"}\]. The authors speculated that this fiber was only involved in social threat processing in males. Both the amygdala and the ventral lateral prefrontal cortex covaried with task performance in the context of emotion distraction in females not males, which may indicate that women and men employed the emotion system and executive system in distinct manners \[Iordan et al., [2013](#hbm23094-bib-0035){ref-type="ref"}\]. In this study, functional connectivity between the amygdala and the ventral attention network was different across males and females, and its relationship with trait anxiety was also discrepant. This difference most likely reflects different sensitivity and resilience to threat‐related stimuli during salience attention processes for men and women, implying an important role of the connection between amygdala and the ventral attention network in gender‐specific modulation of anxiety‐related attention processes.

The present findings showed that left and right amygdala separately coupled with different networks related to anxiety levels. Previous meta‐analysis studies found more activation in the left amygdala than the right amygdala in emotion processes \[Baas et al., [2004](#hbm23094-bib-0002){ref-type="ref"}; Sergerie et al., [2008](#hbm23094-bib-0068){ref-type="ref"}\], favoring a left dominance. This is also supported by findings that trait anxiety was predicted by structural connectivity and volume of left amygdala \[Baur et al., [2012](#hbm23094-bib-0003){ref-type="ref"}\]. However, previous study revealed that functional connectivity patterns between bilateral amygdala and the whole brain were similar \[Roy et al., [2009](#hbm23094-bib-0064){ref-type="ref"}\]. Our vertex‐wise analysis also demonstrated such an anxiety correlational profile dominated by the left amygdala. Further investigations are warranted to directly examine the lateralization of the anxiety‐associated amygdala connectivity with the specific brain network.

Similar to the network‐wise findings, vertex‐wise anxiety‐iFC association analysis revealed that higher level of the trait anxiety was associated with stronger iFC between the left amygdala and the sensorimotor network (the right posterior central gyrus). Beyond this consistent finding, this region also showed distinct correlational profile of trait anxiety in males and females, which was not detected by the network‐wise method. The left dorsal lateral prefrontal cortex (frontoparietal network) associated its weaker iFC with the left amygdala to higher level of trait anxiety. With vertex‐wise method, much more gender--anxiety interactions were detected for both state and trait anxiety within the right posterior central cortex (sensorimotor network) and the right inferior parietal cortex (ventral attention network). In summary, as demonstrated by our work, the network‐wise and vertex‐wise approaches together lead to shared or distinct findings, indicating that these two analytic strategies are complementary due to their nature of different spatial scales.

Our findings on associations between anxiety and the cortical connectivity of amygdala were derived from a large sample of healthy participants across an adult lifespan. The age‐related changes of these functional connectivity profiles were separated from the connectivity--anxiety associations by modeling age as a covariate of interest. Outcomes of these analyses revealed a linearly decreasing lifespan trajectory of overall amygdala cortical connectivity and a linearly increasing lifespan trajectory of the attention network connectivity with the amygdala. Although previous studies have assessed amygdala functional connectivity across samples of different age ranges \[Gabard‐Durnam et al., [2014](#hbm23094-bib-0024){ref-type="ref"}; Gee et al., [2014](#hbm23094-bib-0026){ref-type="ref"}, [2013](#hbm23094-bib-0027){ref-type="ref"}; Swartz et al., [2014a](#hbm23094-bib-0071){ref-type="ref"}; Winecoff et al., [2011](#hbm23094-bib-0077){ref-type="ref"}\], the present work represents the first study of amygdala connectivity across the lifespan. Anxiety has been related to amygdala functional connectivity in early childhood \[Qin et al., [2014](#hbm23094-bib-0061){ref-type="ref"}\]. The analytic strategy used here enabled the identification of common anxiety--connectivity associations across all different stages in the adult lifespan. Beyond the scope of this work, a comprehensive mapping of the lifespan trajectory of the amygdala connectivity profiles will be performed in our future work.

Several limitations should be considered in interpreting our findings. Reliable and accurate segmentation of the human amygdala is a challenging topic. The manual tracing is the gold standard, although this method can be highly time‐consuming for a large sample. We thus employed an automatic segmentation procedure in FreeSurfer, which has been demonstrated to have high test--retest reliability \[Jovicich et al., [2009](#hbm23094-bib-0039){ref-type="ref"}\] and be promising for functional connectivity studies \[Bickart et al., [2012](#hbm23094-bib-0005){ref-type="ref"}\]. Global signal regression at the individual level has been a controversial methodology for a long time and was recently highlighted with use avoidance in functional connectomics \[Saad et al., [2012](#hbm23094-bib-0065){ref-type="ref"}, [2013](#hbm23094-bib-0066){ref-type="ref"}\]. Accordingly, we achieved the global brain standardization via regression of the global mean connectivity at the group level to enable examinations of both global mean cortical connectivity and network‐specific connectivity of the human amygdala. This mean‐based regression method can avoid introducing artifactual relationships with the global mean \[Jiang et al., [2015b](#hbm23094-bib-0038){ref-type="ref"}; Yan et al., [2013](#hbm23094-bib-0079){ref-type="ref"}\]. Finally, the amygdala is consisted of several sub‐regions that interact with regions derived from different brain networks \[Bickart et al., [2012](#hbm23094-bib-0005){ref-type="ref"}; Roy et al., [2009](#hbm23094-bib-0064){ref-type="ref"}\]. Given the consideration of accuracy of further segmenting the amygdala in such a small size, we take it as a whole organization to analysis. Meanwhile, this field faces a challenge of getting an existing age‐dependent parcellation of the human amygdala, which is fundamental for the current work on the lifespan data. We might advance the use of high‐solution imaging sequence and individualized amygdala parcellation using highly sampled retest data \[Zuo et al., [2014](#hbm23094-bib-0087){ref-type="ref"}\] to address this issue in the future.

CONCLUSIONS {#hbm23094-sec-0016}
===========

Intrinsic functional connectivity between amygdala and multiple cortical networks exhibit anxiety‐related changes across the human adult lifespan. High‐level trait anxiety is predicted by low‐level global amygdala connectivity. State and trait anxiety are differentiable according to their amygdala functional connectivity profiles whereas the trait anxiety showed more extensive relationships of the amygdala connectivity across the brain networks. Somatomotor and dorsal attention networks demonstrated anxiety‐related changes of connectivity with the left amygdala, whereas the frontoparietal control and ventral attention networks had such changes of connectivity with the right amygdala. These findings confirmed that both low‐level sensory networks and high‐level associative networks contribute to individual differences in anxiety behaviors by their connectivity with the human amygdala.
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